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1. Introduction 
It is known that the resolution of an imaging system is limited by the diffraction of the 
electromagnetic waves [1]. To distinguish the subwavelength features of an object, this 
fundamental limitation must be overcome. Several techniques have been reported enhance the 
resolution of imaging devices, such as microspherical particles [2]–[4], metamaterials [5]–[7] 
and plasmonic lenses [8], [9]. 
Photonic nanojets (PNJs) were proposed some years ago as an alternative to overcome 
the diffraction limit. PNJs are narrow regions of high electric field concentration produced at 
the output of micro-scaled cylindrical and spherical (2D or 3D) dielectric particles [10]–[13]. It 
was demonstrated that PNJs appear just at the output surface of these particles when the 
refractive index contrast between the dielectric and the background medium was approximately 
less than 2 [12]. With this configuration, a subwavelength resolution below the diffraction limit 
can be obtained using a lossless dielectric microsphere [14]–[18]. Other configurations to 
produce PNJs based on graded index dielectric ellipsoids [19], non-spherical particles [20], [21] 
and core-shell microcylinders [22] have also been recently reported. The applications proposed 
encompass backscattering enhancement at microwave wavelengths [23] and optical 
waveguiding [24]–[26], demonstrating that PNJs are a good alternative to overcome the 
diffraction limit in a wide spectral range. Recently, we have demonstrated an different way to 
produce PNJs using 2D/3D dielectric cuboids at terahertz (THz) and sub-THz frequencies,[27]–
[29] and also working in reflection mode [30].  
Some years ago, it was found that micro scaled dielectric cylinders were able to produce 
PNJs at optical frequencies when they were excited by surface plasmon polaritons (SPPs) 
instead of the classical plane wave excitation [31]. This technique has been also applied in the 
design of plasmonic devices such as Maxwell fish-eye and Luneburg lenses [32], [33], 
demonstrating the capability to control the focusing properties of a lens by profiling the height 
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of the dielectric lens in order to obtain the required effective refractive index. Recently, we have 
used this mechanism combined with 3D dielectric cuboids in the design of a dielectric chain in 
order to extend the SPP propagation at telecom wavelengths [34]. In this communication, we 
perform a systematic study of PNJs, both analytical and numerical, by combining 3D dielectric 
cuboids and SPP excitation at telecommunication wavelengths. The analysis is done in terms 
of the effective refractive index of the regions with and without cuboids demonstrating that the 
contrast between effective indices to produce the PNJ just at the output surface of the dielectric 
must be approximately less than 2. Also, it is shown that the PNJ performance can be engineered 
by simply changing the height of the dielectric at the operation wavelength, in good agreement 
with the flat-disk case [31] and also with the recently reported plasmonic lenses [32], [33]. The 
main advantage of the 3D dielectric cuboids proposed here is that their fabrication is easier, 
compared with a flat disk and other profiled structures [31]–[33]. Moreover, the influence of 
the size of the 3D dielectric cuboid and the multi-wavelength response are also studied, 
demonstrating that the jet can be moved inside or far from the output interface by simply 
changing the lateral dimensions or the operation wavelength. Finally, the backscattering 
enhancement of a small metallic sphere is evaluated, demonstrating that this structure can be 
used for sensing applications at optical frequencies. At difference with our previous work [34] 
here we perform a complete analysis and design to find the conditions to generate PNJ in a 
single 3D dielectric cuboid excited by SPPs.  
 
2. Analytical Approach of the SPP Propagation  
To begin with, a schematic representation of the proposed structure is shown in Figure 1(a). It 
consists of a gold film with thickness t = 100 nm on top of a dielectric substrate with a refractive 
index n = 1.5 (more details of the structure can be found in the supporting information). The 
dispersive refractive index of gold is modeled following the Johnson and Christy experimental 
data (shown in the supporting information [35]). A 3D dielectric cuboid of Silicon Nitride 
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(Si3N4) with dimensions Lx  Ly  Lz is placed on top of the metal film and the whole structure 
is immersed in air (n1 = 1). The refractive index of Si3N4 is also dispersive in the considered 
bandwidth (750 - 2000 nm) with values ranging from 1.97 to 1.99 between 750 nm and 2000 
nm. However, given that this variation is of the order of 10-2 within this wide spectral band, a 
constant refractive index n2 = 1.97 is considered here for simplicity. Numerical simulations are 
done using the transient solver of the commercial software CST Microwave StudioTM. The 
structure is excited by an extremely narrow waveguide placed at the back of the plasmonic 
structure (see supplementary information for more details [35]). With this configuration, 
surface plasmons along z are excited at the abrupt interface between the waveguide aperture 
and air on top of the gold film, as it is shown in Figure 1(b), with the electric field along the y- 
and z- axes and magnetic field along the x-axis; i.e., a TM wave.  
First, we analyze the SPP propagation using the proposed structure. In Figure 1(c), a 
perspective view of the structure is shown. The SPPs propagate from right to left along the z- 
axis. As it can be inferred, there are two different regions depending of the materials present in 
the structure [31]: the first region (marked as “I” in the Figure) corresponds to the air-metal 
interface and the second one (marked as “II” in the Figure) to the air-cube-metal.  
As it is known, a metal film can be considered semi-infinite when its thickness is larger 
than the skin depth [36], [37] which is about 30 nm for gold. Hence, in a real scenario a metal 
thickness of 100 nm is a good approximation for a semi-infinite slab. This approximation has 
been extensively used at different wavelengths, such as telecom wavelengths, giving rise to 
applications such as waveguiding and focusing of SPPs, to name a few [31], [37]–[40]. For 
completeness we carried out a thorough study to validate this approximation both analytically 
and numerically (see supplementary information). With the assumption of semi-infinite metal, 
the analytical complexity of the structure shown in Figure 1 can be largely reduced. The analysis 
below is done in terms of the propagation constant in each region and from it we extract the 
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effective refractive index seen by the SPPs (nspp) in each case. 
To calculate the effective propagation constant in region I we can use the well-known 
expression of SPPs excited at a dielectric-metal interface [36], [41]: 
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where k0 is the wavenumber in free space and n1 and nm are the refractive indexes of air and 
gold, respectively.  
To calculate the propagation constant in region II, we must consider three different 
materials: air, Si3N4 and gold [see Figure 1(c)]. It can be obtained after solving this 
transcendental Equation for (II):[41] 
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where the subscripts 1,2 and m refer to air, Si3N4 and Au, respectively. Note that the previous 
expression has an explicit dependence on the height (ly) of the 3D dielectric cuboid. Hence, we 
can tune (II) with this parameter. From the previous expressions, it is straightforward to 
calculate the complex effective refractive index:  
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3. Results and Discussion 
In this section, we evaluate the performance of the PNJ varying the height and width of the 
cuboid at a fixed wavelength, the widely used standard telecommunication wavelength 0 = 
1550 nm [37]–[40]. Later on, we will find the response varying the operation wavelength for 
fixed cuboid dimensions. Finally, we will insert a small metallic sphere inside the PNJ region 
to find the backscattering enhancement. 
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3.1 Photonic nanojet performance 
In Figure 2(a) it is shown the variation of ( )I
sppn  between 750 nm and 2000 nm calculated with 
Equations (1) and (3). As observed, within all the considered bandwidth ( )  1Re Isppn  and it 
approaches asymptotically unity in the long wavelength limit. This means that SPPs are strongly 
coupled to the surface of the Au film only for relatively small wavelengths. In particular, at the 
telecommunication wavelength of 1550 nm, SPPs are weakly coupled. Nevertheless, as it will 
be seen later, the proposed structure can be engineered to focus the incoming SPPs on a narrow 
spot of high intensity even at this wavelength.  
The analytical results of ( )II
sppn  for 0 < ly < 500 nm and 750 <  < 2000 nm are shown in 
Figure 2(b,c) respectively. At a given wavelength, increasing the height ly of the cuboid 
provokes an increment of both ( ) IIsppnRe  and 
( ) IIsppnIm , see Figure 2(b,c) respectively. Importantly, 
( )  ( ) IIsppIIspp nn ReIm   in all considered cases, demonstrating that the structure has low losses. 
In Figure 3 we have plotted the real part of effective index contrast between regions I 
and II, ( ) ( ) IsppIIspp nnc Re= . We have marked three zones depending on the contrast: (i) c < 1.3, (ii) 
1.3 < c < 1.75 and (iii) c > 1.75. From our previous works, we can foresee that the PNJ will be 
generated outside, close to the output interface and inside the cuboid when working in region 
(i), (ii) and (iii), respectively[27].  
Based on this, we can now evaluate the performance of the PNJ produced by the proposed 
structure. From previous works we know that the dimensions of the cuboid should be of the 
order of the operational wavelength to produce the PNJ at the output surface of the dielectric 
[27], [28]. Hence, we take lx = lz = 0 = 1550 nm and a variable height, ly. The rest of dimensions 
of the structure are as shown in Figure 1(a).  
With this configuration, we extract from Figure 3 the contrast at 1550 nm as a function of 
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ly, see Figure 4(a). The contrast evolves from values close to unity for small ly to values near 
1.9 for large ly. We have marked in the Figure the three regions [(i)-(iii)] mentioned above, and 
have selected three representative points: ly = 100 nm, ly = 160 nm (we choose this value because 
we found it is optimal, although is near the limit of the region) and ly = 350 nm. The numerical 
results of the power distribution on the xz-plane (i.e., just at the surface of the Au film) are 
shown in Figure 4(b,c,d). It is demonstrated that for ly = 100nm, where the contrast is 1.11, the 
PNJ is moved away from the cuboid and the peak takes place at a focal length (FL) of 275 nm 
(0.180), along the z axis. For ly = 160nm where the contrast is 1.35 the PNJ is just at the output 
surface of the cuboid. Finally when ly = 350nm, where the contrast is 1.85, most of the power 
is inside the dielectric cuboid, compared with the case when ly = 160nm.  
To better compare these results, we have plotted the intensity enhancement along the z-axis 
(defined as the power received with and without the cuboid) for the three heights under study. 
Here it is clearly observed that the maximum is outside the cuboid when ly = 100 nm while it is 
at the output interface when ly = 160 nm. The enhancement at each focal length is 2.8, 5.05 
and 3.4 for each height under study, respectively. These values are below those obtained under 
planewave illumination at THz frequencies [27]. This is due to the fact that the SPPs are not 
strongly coupled to the surface of the metal film at 1550 nm, as explained before. A larger 
enhancement could be obtained by designing the structure at smaller wavelengths where the 
coupling of SPPs to the metal film increases [31]. However, our interest here is to prove that at 
1550 nm we can have a relatively large enhancement thanks to the excitation of a PNJ with 
SPPs since this is the standard telecommunications wavelength [42], [43]. With the results 
shown, we have successfully demonstrated that the PNJs produced with this configuration are 
able to enhance more than two times the SPP intensity at the focal length. 
 For the sake of completeness, the numerical results of the normalized magnitude of the 
electric field for each height under study are shown in Figure 4(f). Here, the results are 
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normalized to the maximum of each case. By looking at this plot, the transversal resolution [i.e., 
full-width at half-maximum (FWHMx) along the x- axis at each focal length] is 1.1970, 0.680 
and 0.430 for ly = 100, 160, and ly = 350 nm, respectively. Note that the best resolution is 
achieved for the case ly = 350 nm and it is below the diffraction limit. However, the power of 
the PNJ decays faster along the propagation direction, as it is shown in Figure 4(e). The best 
tradeoff between the resolution, enhancement and distance of propagation of the SPP’s is 
achieved when ly = 160nm. 
 
3.2 Multi-wavelength response 
In this section we evaluate the performance of the PNJ produced by the dielectric cuboid at 
different wavelengths. From the previous study, we fix lx = lz = 0 = 1550 nm and ly = 160 nm. 
The results of the refractive index contrast particularized to the case ly = 160 nm is shown 
in Figure 5(a). Here the three working zones described in section II (see also Figure 3) are 
clearly observed: (i)  > 1600 nm, c < 1.3 so the PNJ is detached from the cuboid; (ii) 1050 < 
 < 1600 nm, 1.3 < c < 1.75 and the PNJ happens at the surface of the cuboid, as demonstrated 
in the previous section; (iii)  < 1050 nm, c > 1.75 and therefore the PNJ will be inside the 
cuboid. We have previously analyzed case (ii), and here we evaluate the performance in zones 
(i) and (iii). 
The numerical results of the power distribution on the xz-plane at 1 = 800 nm and 2 = 
1900 nm are shown in Figure 5(b,c). Also, the normalized magnitude of the electric field along 
the propagation axis at each wavelength is shown in Figure 5(d,e), respectively. It can be 
observed that the PNJ is generated inside the cuboid when 1 = 800 nm and therefore a blurred 
focus is produced at the output of the structure, as expected [12], [28], [44]. The opposite 
behavior is observed at 2 = 1900 nm where the PNJ is moved far away from the output surface 
of the cuboid (FL = 0.22). For this case a transversal resolution FWHMx = 0.972 is obtained 
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with an enhancement of 1.82.  
 
3.3 Scaled 3D dielectric cuboid 
We now evaluate the performance of the structure when lx and lz are changed. Here, the 
height of the cuboid is fixed as ly = 160 nm and the operation wavelength is 1550 nm.  
The numerical results of the magnitude of the electric field along the propagation axis are 
shown in Figure 6 for the cases when the lateral dimensions of the cuboid (lx and lz) are scaled 
by a factor  = 1.25,  = 1.5 and  = 2 ( = 1 corresponds to lx = lz = 1550 nm). The PNJ is 
moved far from the surface of the cuboid as the lateral dimensions increase. In each of the 
considered cases the focal length (FL) is 1.3510-30, 5.4110-30 and 0.1680, respectively, in 
good agreement with our previous findings using a planewave excitation [44]. The magnitude 
of the electric field along the transversal axis at each FL is also shown as insets in Figure 6. It 
is clearly observed that the transversal resolution is strongly affected by an increment of the 
size of the cuboid, resulting in a wider focus for higher values of .  
The results of the FL, FWHMx and enhancement at the focal length for the structures here 
studied along with the case with  = 1 (discussed in the previous section) are gathered in Table 
1. The FWHMx evolves from 0.680 to 1.6380 when the cuboid is scaled from  =1 to  = 2. 
The enhancement at the focal length is also reduced as the dimensions of the cuboid increase 
and has a minimum value of 2.37 for  = 2. Note that this is still a relatively large enhancement 
considering that the SPPs are not strongly coupled to the surface of the metal film at the working 
wavelength. However, in order to work with the best quality of the PNJ in terms of the FL, 
FWHMx and enhancement, the lateral dimensions of the cuboid should be of the order of the 
operational wavelength, as it can be corroborated in the same table.  
3.4 Backscattering Enhancement 
An interesting application of the PNJ is the backscattering enhancement produced when a 
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small particle is inserted within the PNJ region. The sensing capability of PNJs has been 
demonstrated using cylindrical/spherical dielectrics and also 3D cuboids under planewave 
illumination. We can use the structure here proposed and evaluate the backscattering 
enhancement of metal particles.  
A schematic representation of the system is shown in Figure 7(a). The dimensions of the 
dielectric cuboid are lx = lz = 0 = 1550 nm and ly = 160 nm. An electric probe is used at the 
back of the dielectric cuboid to register the field. A metallic gold (Au) sphere of radius 0.10 
with a dispersive dielectric permittivity following the Johnson and Christy experimental data 
[35] is introduced within the PNJ region and moved along the optical z axis.  
With this configuration, the numerical results of the backscattering enhancement (calculated 
as the ratio between the received electric field with and without sphere) as a function of 
wavelength (750 - 2000 nm) and sphere position along the z-axis [0 - 3000 nm with a step of 
77.5 nm (0.050)] are shown in Figure 7(b). There are oscillations of the backscattering 
magnitude that depend on the operational wavelength, in good agreement with previous works 
[23], [27]. Moreover, it is clearly shown that for wavelengths below 1300 nm, an enhancement 
of backscattering is no longer possible since the jet falls inside the dielectric cuboid and the 
intensity of SPPs that reach the sphere is reduced, as demonstrated in Figure 5.  
To assess better the performance, the backscattering enhancement at 1550 nm [shown as a 
dashed line in Figure 7(b)] as a function of the position of the sphere is shown in Figure 7(c). 
An oscillatory pattern with period of 0.60 is obtained and the first maximum happens at z  
0.450. At this position, an enhancement of 2.44 dB is obtained, demonstrating the possibility 
to use this structure for sensing applications. Moreover, it is important to note that an interesting 
advantage of this structure compared with the structure under planewave illumination [27] is 
that the metal film provides a platform to place the particle within the PNJ region. Hence the 
experimental alignment of the particle with the 3D dielectric cuboid is comparatively easier. 
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4. Conclusions 
In this work, the performance of the recently proposed 3D dielectric cuboid to produce PNJ has 
been evaluated when the structure is excited by SPPs at telecom wavelengths. It has been 
demonstrated that the height of the cuboid is an important parameter since it changes the 
effective refractive index of the region where it is present. Moreover, it has been shown that the 
refractive index contrast between the region with and without the cuboid should be < 2 in order 
to produce the jet at the output surface of the cuboid, in good agreement with our previous 
works. The PNJ performance has been evaluated at the telecommunications wavelength of 1550 
nm for different heights of the cuboid. This study has been evaluated in terms of FL, FWHMx 
and enhancement at the focal position, demonstrating the best response is obtained when the 
height of the cuboid is ly = 160 nm with values of FL  0, FWHMx = 0.680 and enhancement 
= 5.05, respectively. The multi-wavelength response has been also evaluated demonstrating 
that, for a 3 fixed geometry, three operative zones can be distinguished depending on the 
operational wavelength, with optimal performance in the region where the index contrast is 
between 1.3 and 1.75. Moreover, the dependence of the PNJ with the lateral dimensions of the 
cuboid has been studied, demonstrating that the PNJ is moved away from the cuboid as it is 
enlarged. Finally, the backscattering enhancement has been evaluated by inserting a metal 
sphere within the PNJ region and shifting its position along the z-axis. With this configuration, 
a maximum enhancement of 2.44 dB has been demonstrated for an Au sphere of radius 0.10. 
These results demonstrate that, even when the SPPs are not strongly coupled to the surface of 
the metal film (used to support the 3D cuboid) it is possible to produce PNJs using dielectric 
cuboids with a subwavelength focal spot and detect subwavelength metal particles. The results 
here presented may be interesting in different applications such as sensors, dielectric 
waveguides with increased SPPs/surface waves propagation distance, plasmonic circuitry 
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applications, surface optical tweezers, and biosensing. 
 
Supporting Information  
Additional supporting information may be found in the online version of this article at the 
publisher’s website. 
Figure S1: Real and imaginary part of the complex permittivity of gold. 
Figure S2: Real and imaginary part of the complex permittivity of silver. 
Figure S3: Schematic representation of the metal film on top of the dielectric substrate used 
for the SPP excitation and the waveguide used to launch the SPPs. 
Figure S4: Analytical results of the effective refractive index for the case of a semi-infinite 
metal and an IMI structure. Effective index as a function of the metal thickness at the 
wavelength of 1550nm and numerical results of the Ey-field distribution along the propagation 
z axis at the wavelength of 1550 nm for the case of an IMI structure with a metal thickness of t 
= 100 nm. 
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Figure 1. (a) Schematic representation of the structure proposed to produce photonic jets using 
a 3D dielectric cuboid of Si3N4 with a refractive index of 1.97 and lateral dimensions lx = lz = 
0 = 1550 nm and a variable height ly on top of a gold film of thickness t = 100 nm laying on 
top of a dielectric substrate (see inset). (b) Electric field distribution at the operation wavelength 
(0) on the yz-plane. (c) Lateral view of the proposed device showing regions I and II which 
include the interfaces air-metal (I) and air-cuboid-metal (II), respectively. 
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Figure 2. (a) Real (red) and imaginary (black) parts of the effective refractive index for the 
region I corresponding to the air-Au interface. Real (b) and imaginary (c) part of the effective 
refractive index in region II as a function of ly and operation wavelength.   
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Figure 3. Real part of the refractive index contrast between region II and I as a function of ly 
and wavelength. The regions where the contrast is c < 1.3, 1.3 < c < 1.75 and c >1.75 are marked 
as zones (i), (ii) and (iii), respectively. 
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Figure 4. (a) Analytical results of contrast between the effective refractive index of region II 
and region I. Numerical results of the power distribution on the xz-plane just at the surface of 
the Au film (b,c,d). The regions where the contrast is c >1.3, 1.3 < c < 1.75 and c >1.75 are 
marked as zones (i), (ii) and (iii), respectively. (e) Numerical results of the intensity 
enhancement along the z-axis (e) and normalized magnitude of the electric field along the x-
axis at each focal length (f) at the working wavelength of 0 = 1550nm for a cuboid with lateral 
dimensions lx = lz = 1550 nm and ly = 100 nm (green lines), ly = 160 nm (red lines) and ly = 350 
nm (blue lines). 
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Figure 5. (a) Analytical results of the refractive index contrast between region II and I for a 3D 
dielectric cuboid with height lx = lz = 1550 nm and ly = 160 nm. The regions where the contrast 
is c > 1.3, 1.3 < c < 1.75 and c > 1.75 are marked as zones (i), (ii) and (iii), respectively. 
Numerical results of the power distribution on the xz-plane (b,c) along with the normalized 
magnitude (normalized at the maximum of each case) of the electric field Ey along the 
propagation z-axis (d,e) at the working wavelength of 1 = 800 nm (b,d) and 2 = 1900 nm (c,e).  
 
 
  
  
23 
 
 
Figure 6. Numerical results of the normalized magnitude of the electric field along the optical 
z- axis for the case of a cuboid with ly = 160 nm and lx, lz scaled by a factor (a)  = 1.25, (b)  
= 1.5 and (c)  = 2. The numerical results along the transversal axis at each focal length are 
shown as insets for each case.  
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Figure 7. (a) Schematic representation of the system used to evaluate the backscattering 
enhancement of a metal gold sphere of radius 0.10 inserted within the PNJ region. (b) 
Numerical results of the backscattering enhancement as a function of the position of the Au 
sphere along the z-axis and wavelength. (c) Numerical results of the backscattering 
enhancement at 0 = 1550 nm as a function of the position of the Au sphere [(extracted from 
the dashed line in (b)]. 
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Table 1. Numerical results of the PNJ performance at the wavelength of 1550nm for a 
dielectric cuboid with height ly = 160 nm and lateral dimensions scaled by a factor . 
Scale 
factor () 
FLa(0) FWHMx
b(0)
 Enhancement 
1 0 0.68 5.05 
1.25 1.3510-3 0.78 4.50 
1.5 5.4110-3 1.096 3.95 
2 0.168 1.638 2.37 
a) FL is the focal length; b) FWHMx is the full-width at half-maximum along the x axis at the 
FL 
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